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The experiments detailed in this thesis give necessary preliminary information for
analyzing the theoretical potential of direct exhaust pulse energy harvesting through
expander devices. A detailed review of pertinent literature determined that there has been
little specific focus on directly converting exhaust pulse energy into useful power. Crank
position resolved exhaust pressure was measured as engine load and speed were varied to
quantify their influences. Potential theoretical improvements average a 15.6% increase in
overall fuel conversion efficiencies while indicated power can potentially be increased by
an average of 14.3% for the operating conditions tested. A potential increase of up to
20% in indicated specific fuel consumption was shown. With increasing regulations on
combustion engine efficiencies, emissions, and fuel requirements, the ability to reduce
waste energy through improving existing waste energy recovery (WER) technologies and
proposing novel WER strategies that maximize WER have the potential to be extremely
valuable.
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CHAPTER I
INTRODUCTION AND SELECTIVE REVIEW OF EXISTING LITERATURE

1.1

Introduction to the topic
Attempts towards increasing internal combustion engine (ICE) fuel conversion

efficiency and power density have recently been prominent in the scientific and industrial
fields. Due to the increases in government regulations and changes in global energy
markets, the importance of continuing research that leads to further ICE efficiency, power
density, and emissions improvements will continue to rise. For this reason, new waste
energy recovery strategies are continually being proposed as existing WER technologies
are being further analyzed and developed. This thesis experimentally investigates exhaust
pressure behavior as well as the technical feasibility of exhaust pulse energy harvesting in
internal combustion engines through a review of pertinent technical literature and
preliminary experiments on a single-cylinder research engine (SCRE).
Much effort has been made to improve ICEs since they have become a leading
powertrain choice, and as a consequence, the average peak brake thermal efficiency of
on-road powertrains is 30% and 41% for spark ignition and compression ignition
applications, respectively [43]. Still, 60% to 70% of the energy contained in the fuel used
in conventional ICEs is wasted, mainly through exhaust and engine cooling [41].
Decreasing the amount of energy that is wasted through the exhaust process in traditional
ICE operation is in effort to increase efficiency. Because vehicular WER systems need to
1

be integrated into traditionally configured on-road vehicles, it is equally important to
consider the cost, reliability, added weight, and complexity of these proposed systems as
it is to conduct performance analyses on them. The following section is a detailed
literature review of the state of the art in WER systems and specifically exhaust pulse
energy harvesting technologies. A general reference should be made to private
communication through an internal report titled Exhaust Pulse Energy Harvesting –
Literature Review and Preliminary Experiments [42]. This private communication
presented data collected by the Mississippi State University Advance Combustion
Engines research team that acted as the preliminary basis for the experiments and
analyses conducted throughout this study.
1.2

Review of pertinent literature
Sections 1.2.1 and 1.2.2 discuss findings from the literature review for both

indirect WER and direct WER, respectively. Tables 1.1 and 1.2 briefly outline and
organize the specific reviewed literature.
1.2.1

Review of selected indirect waste energy recovery strategies
Indirect waste energy recovery describes the use of a bottoming cycle, such as a

Rankine Cycle, to increase overall fuel conversion efficiency (FCE) and engine power
where a secondary working fluid is heated by a portion of otherwise discarded exhaust
enthalpy. Due to its simplicity over other additional cycles, the organic Rankine cycle
(ORC) is the most common indirect WER system to be coupled with ICEs. Significant
research has been conducted on these systems and attempts have been made to optimize
ORC working fluids [24][29][41]. Optimizing pressure ratios as well as inlet and outlet
2

pressures for screw type expanders used in ORCs was shown to be important to
increasing isentropic efficiency of the devices [23]. The effects of ORC
turbocompounding along with hot exhaust gas recirculation (EGR) strategies have been
simulated with the aid of experimental data from a dual fuel low temperature combustion
(LTC) engine with high efficiency from Advanced Low Pilot Ignited Natural Gas
(ALPING). This combination was shown to greatly improve FCEs and reduce NOx and
C02 emissions [43]. It has been suggested that the payback period for the addition of an
ORC to ICEs generally varies between 2-5 years depending on usage [41].
Indirect techniques are shown to be effective towards low-grade heat energy
recovery, although in general the systems required for indirect WER methods are more
complex than the alternative systems used for direct WER. In many cases, indirect WER
technologies show a benefit over direct WER technologies as they are more versatile in
that they are generally effective over relatively larger operating ranges [28].
Steam turbocharging involves the use of traditional turbomachinery as an indirect
WER method using steam as the working fluid through the turbine expander side.
Because the turbine is not in series with the engine exhaust flow, this technology can
reduce pumping losses over traditional turbocharging. Reduced exhaust pressure,
increased engine power, reduced exhaust processing work, increased thermal efficiency,
and decreased brake specific fuel consumption (BSFC) were all shown through steam
turbocharging model simulation [12-14]. One study simulated the effects of the addition
of an open steam expansion cycle to ICEs and showed that this addition had the ability
for relatively high energy recovery at low cost [14].

3

Table 1.1

Review of research on indirect WER technologies

Reference & Year

Study
Method
Overall Conclusion or Key Ideas
Type
Note: A: Analytical, E: Experimental, R: Review, S: Simulation, T: Theoretical

[Hsu et al.]
2014

E

[Fu et al.]
2013

S

Examine the effect of Increasing isentropic efficiency
varying pressure ratios and cycle efficiency of the system
and supply pressures increased the system power output.
on the isentropic
Isentropic efficiency was
efficiency, cycle
determined to be highest at a
efficiency, and output pressure ratio just above the builtpower of the ORC
in pressure ratio. Increasing
system using a screw pressure ratios in the over and
type expander. Three under expansion modes decrease
pressure ratios across isentropic efficiency although this
the expander were
effect is more rapid in the overstudied in a 50 kW
expansion mode. Isentropic
ORC system with
efficiency and system cycle
R245fa as the working efficiency increases as temperature
fluid heated and
difference increases and therefore
cooled by water with was shown to increase with supply
various flow rates.
pressure for built-in pressure
ratios. Increasing the supply
pressure for modified pressure
ratios increases the cycle
efficiency for over-expansion
modes and decreases with cycle
efficiency for under-expansion
modes.
To show the
Overall, the steam turbocharged
suggested benefit of model showed improvements in
steam turbocharging, reduced exhaust pressure,
a simulation was
increased engine power, reduced
created to compare a pumping losses, reduced exhaust
model of a standard processing work, increased
exhaust turbocharging thermal efficiency, and decreased
to a model of steam BSFC.
turbocharging, both
on an identical 1.57 L,
direct injection diesel
engine.
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Table 1.1 (continued)
[Ringler et al.]
2014

S

[Sprouse III et al.]
2013

R

[Fu et al.]
2012

S

Two systems with
Of the discussed energy recovery
different waste energy techniques, it was concluded that
recovery sources were the Rankine Cycle is most suited
compared through
for waste heat utilization in
simulation.
automotive application. It was
determined that water was the
ideal working fluid for the system
that utilized only exhaust heat, a
high temperature heat sink. In
contrast, it was determined that
alcohol would be the ideal
working fluid for the system
utilizing heat in both the exhaust
and a lower temperature heat sink,
the engine coolant. At analyzed
highway speeds, the second
system was shown to be more
effective for the given test engine,
allowing a 0.7 to 2 kW increase of
power.
The paper acts as a
The use of a secondary cycle with
literature review of
internal combustion engines would
studies from various be beneficial. The ORC is the
sources on the
simplest to implement into
different waste energy vehicles and works well with low
recovery options.
to moderate temperature
differences. Turbine expanders
were determined to be best suited
for large output systems while
displacement type expanders were
better suited for smaller systems.
The review explains that the
addition on an ORC system has a
payback period of 2 to 5 years
depending on travel distances.
Introduces the concept The system is shown to have
of exhaust WER
relatively high energy recovery
through a bottom
and low cost. Energy recovery
cycle concept based efficiency was increased at higher
on an open steam
engine operating speeds and
expansion cycle.
exhaust temperatures.
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Table 1.1 (continued)
[Srinivasan et al.]
2010

A

[Fu et al.]
2014

S

[Liu et al.]
2013

R

Analyzes the exhaust The study showed an average
waste energy recovery increase of 7% in FCE while NOx
potential of a
and CO2 emissions were decreased
compression ignition on average by 18%. Exergy
(CI) engine using dual destruction was increased through
fuel and LTC
the ORC as EGR was increased,
combustion
although FCE was shown to
techniques with the further increase as well.
addition of an ORC
turbocompounding
bottom cycle.
This paper proposes An increase of engine output
and analyzes the
power was shown up to 7.2%
potential benefit of a while thermal efficiency was
novel approach to the increased from 37.3% to 39.9% at
concept of steam
4000 rpm. It is proposed that this
turbocharging.
system has an advantage over
traditional exhaust turbocharging
as this additional power is not at
the expense of increasing ICE
exhaust work.
The paper compares Direct WER through expansion
the potential of
process was shown to not have
various bottom cycles significant benefit to spark ignition
on exhaust gas energy (SI) engines although CI engines
recovery systems.
at high load, high boost conditions
Direct WER methods were benefited. Indirect WER was
are discussed as well. shown to have higher energy
recovery potential and greater
versatility as it has the ability be
applied various operating
conditions.
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Table 1.1 (continued)
[Wang et al.]
2011

1.2.2

R

Review and
Relatively high exhaust gas
investigation of
temperature requirements for
various
increased system efficiency could
thermodynamic
be a problem while implementing
Rankine cycles with such systems into consumer
emphasis on
vehicles along with the challenge
variations in expander integrating ORC system
type and working
components into existing vehicle
fluid selection.
configurations. It was said that the
selection of expander and working
fluid is critical for maximizing the
effectiveness of ORCs with ICEs.

Review of selected direct waste energy recovery strategies
Direct waste energy recovery in ICEs is the process of using otherwise discarded

exhaust enthalpy to harvest useful work without the addition of a secondary bottoming
cycle and without requiring an additional working fluid. In most cases, the addition of a
direct waste energy recovery system in an automotive application is simpler than the
addition of an indirect WER system. Direct WER systems often use less components than
indirect WER systems and are typically less expensive. The pulsating exhaust flow
environment of ICEs poses recovery challenges as these pulses are traditionally difficult
to harvest through direct methods. The energy available for direct WER in four-stroke
piston ICEs is delivered through two distinct phases called the blowdown pulse and the
displacement pulse [21]. The blowdown pulse is a result of rapid venting of cylinder
pressure and occurs just after exhaust valve opening to slightly after BDC. As the
cylinder volume is increasing through most of the blowdown pulse duration, clearly this
pressure release is unrelated to piston movement. In contrast to the blowdown pulse, the
displacement pulse is a result of piston movement and decreasing cylinder volume. It
7

occurs after the blowdown pulse and lasts until the conclusion of the exhaust process.
The pulsating exhaust environment of ICEs is not favorable for traditional direct WER
and the unsteady performance of turbines is not completely understood. Various direct
WER techniques have been suggested in effort to maximize energy recovery through the
pulsating and complex exhaust environment.
Traditional turbocharging may be the most common form of direct WER.
Variations and improvements on this technology have shown increasing popularity in
recent years. Exhaust flow through these mechanical devices can be extremely complex.
Pulsating exhaust flow nature causes unsteady turbocharger turbine operating conditions
[36]. A great deal of work has been done to improve the understanding of flow through
turbines and more importantly how it affects their performance. The ability to
mathematically model flow through turbines has and will continue to grow in importance
for those attempting to increasing turbocharger efficiencies. Research that leads to
increased understanding of exhaust flow characteristics is beneficial to those studying
direct WER.
Variable geometry turbochargers (VGT) are implemented to increase the
effectiveness of a single turbine operating throughout transient conditions. Although most
VGT models are based on steady-state assumptions, it has been shown that optimal vane
position varies greatly depending on flow phase characteristics. The active control
turbocharger (ACT) is a concept proposed to improve the pressure ratio across the
turbine, in comparison to a traditional turbocharger, in effort to increase energy recovery
from the pulsating exhaust flow [38]. According to Variable Geometry Turbocharger
Active Control Strategies for Enhanced Energy Recovery, “The unique feature of ACT
8

lies in the instantaneous adjustment of the turbine inlet area in order to improve both the
instantaneous and overall efficiency improvement to the turbocharger” [35].Work was
conducted on the development of an ACT control system to ensure effective inlet area
modulation of the turbine that follows an oscillating, sinusoidal profile in effort to match
the exiting exhaust pulse profile for improving exhaust energy recovery efficiency [35].
The relatively high level of complexity involved with VGT turbochargers and
their control has been among the main criticisms against these devices. When asymmetric
twin scroll turbines were introduced, their simplicity was accentuated as a benefit. They
lack the complexity of variable vane mechanics. This variation of the traditional twin
scroll turbine utilizes two different sized turbines and provides optimization for different
gas characteristics simultaneously though a single recovery device. The larger turbine
allows low exhaust backpressure and compressor output unrestricted by EGR, which can
be supplied through the smaller turbine side with inherently higher upstream
backpressure [32]. An addition to this technology involves variable control to asymmetric
turbines through upstream electronically actuated area variability [39].
The concept of separating the exhaust blow-down and displacement pulses was
first introduced in 1924 through a British patent titled Improvements in or Relating to
Internal Combustion Engines [25]. The concept of Divided Exhaust Period (DEP) allows
for the high pressure blowdown exhaust pulse to be routed directly through a
turbocharger while the displacement pulse is later allowed to bypass the turbocharger
through a different exhaust valve and path to reduce the restriction on exhaust flow that
turbochargers inherently provide and, therefore, to reduce pumping work. Further study
of DEP simulations showed increased benefit through reduced fuel consumption, reduced
9

pumping work, reduced residual trapped exhaust gasses, and increased boost control with
the addition of EGR [16][17]. The benefit of short route EGR was limited as fuel
consumption increased with improper valve timing. Long route EGR DEP systems
showed the ability to reduce pumping work [16]. Valve timing and valve area were
shown to be important considerations to DEP with EGR.
Turbodischarging, the process of using a turbocharger powered by the blowdown
gases flowing through the hot side to pull displacement pulse gases through the normally
cold side, was first introduced in 2011 [48]. This technique is an attempt to reduce ICE
pumping losses through decreasing engine backpressure. Through simulation,
turbodischarging has shown to potentially increase fuel economy by up to 7% with the
inherently added benefit of reducing residual in cylinder exhaust gases from cycle to
cycle, giving increased knock resistance [47].
Turbo electric generators (sometimes this technology is known as electric
turbocompounding) have recently gained attention in the automotive field. These devices
couple an electric generator to the shaft of an exhaust gas driven (theoretically the turbine
could be driven by a secondary working fluid as well) turbine in effort to collect
electrical energy that, for example can be stored in an electrical energy storage system
(ESS). In theory they can be used with either standard turbochargers that still supply
intake boost pressure or can be used with a turbine purely for the purpose of harvesting
electrical energy from the wasted heat (without a turbo compressor side). The most
widely recognized implementation of turbo electric generator technology is through
Formula 1 racing. These race car engines utilize turbochargers coupled with magnetic
generator units (MGU-H) capable of operating in reverse direction, meaning that they can
10

both collect energy from the exhaust, or in turn, the collected energy can be sent back to
the turbine by the rotating shaft motor to spool the turbocharger. The collected energy is
kept in a central ESS and, therefore, can also be used to supply other components such as
the vehicle’s high output electric drive motor [12]. Similar to turbo electric generation, in
that the turbine can be used to directly recover energy in ways other than increasing
intake charge, turbocompounding (also known as direct mechanical turbocompounding)
is an interesting technology where the exhaust driven turbine is directly coupled to the
engine crankshaft and produces shaft work as an input to the engine in effort to increase
engine efficiency [20][3]. The turbocompounding concept was discussed previously as an
indirect WER method as it can be used with bottoming cycles, but here it is discussed as
a direct WER method that deserves further investigation.
Through studying published technical research on direct WER systems and
techniques, it is clear that these strategies have potential to be valuable. For this reason,
further study of direct WER is necessary. Furthermore, it is evident that direct harvesting
of energy contained specifically in exhaust pulses explicitly for direct conversion into
useful power has not been extensively conducted or thoroughly studied. Through reading
pertinent literature, it is evident that the amount of research conducted specifically on
recovering pulse energy is relatively low.
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Table 1.2

Review of research on direct WER technologies and pertinent studies

Reference & Year Study Type
[Williams et al.]
2011

S

[Williams et al.]
2012

S

[Gundmalm et al.]
2012
2013
(2 publications)

S

[Möller et al.]
2005

E,S

Method

Overall Conclusion or Key
Ideas
A one-dimensional The technology has the potential
simulation introduces to reduce exhaust pressures to
and models the new less than 0.5 bar and reduce
to the time (although pumping losses. Exhaust
DEP was established) scavenging is increased and
concept of
residual exhaust gases are
turbodischarging.
reduced by more than 40% for
naturally-aspirated engines.
A one-dimensional Through the reduction of
gas dynamic model pumping losses, turbowas created to
discharging showed to have a
simulate variations of potential fuel economy benefit
turbodischarging a
between 1% and 7% for low to
small displacement medium loads. Turbonaturally-aspirated
discharging demonstrated an
gasoline engine.
ability to reduce residual incylinder exhaust gases and
therefore increase the knock
threshold.
DEP simulation
The DEP technique, specifically
developed for three combined with LR-EGR was
heavy-duty diesel
shown to increase volumetric
engines with the
efficiency, increase turbine
following
efficiency and reduce residual
characteristics; one exhaust gasses.
with exhaust gas
recirculation (EGR),
and the other two
with either short or
long route EGR
systems.
The DEP was studied Through dividing the exhaust
experimentally
pulses, one routed through a
through collecting
turbocharger, and the other
data from a
routed through a close coupled
turbocharged four
catalyst (CCC), up to a 60%
cylinder engine and reduction in in-cylinder residual
also through oneexhaust gas was shown possible.
dimensional
Pumping work was reduced and
simulation.
knock resistance increased.
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Table 1.2 (continued)
[Padzillah et al.]
2014

S

A three-dimensional
CFD simulation was
used in effort to
eventually aid the
design of
turbochargers to
increase energy
recovery from
pulsating exhaust
flow. Inlet flow
pulsation was
examined at 20 Hz
and 80 Hz while
turbine speed was
tested at 30,000 rpm
and 48,000 rpm.

[Costall et al.]
2011

S,E

Modeling
improvements
towards analyzing
flow, pressure, and
power of
turbochargers were
validated
experimentally.

Spatial variation at the
circumference of the turbine has
only a very small effect on
incident angle compared to
phase angle1. It was determined
that the speed matching the
highest turbine efficiency also
allowed for high instantaneous
efficiencies during high energy
pulsations. For the 20 Hz
simulation, it was shown that
peak efficiency was matched
with optimum incident angle
although the same could not be
determined for the 80 Hz case.
Speed was shown to have a
greater effect on instantaneous
efficiency than frequency.
It was determined that a single
turbine entry model was suitable
for modeling twin entry turbine
flow and performance at 60 Hz
under in-phase pulse admission
but the twin entry model was
necessary for unequally phased
admission. Improvements could
be made while selecting the loss
coefficient for the twin entry
model to improve flow and
power prediction.

1
The phase angle, unless equal to zero, denotes how far out of phase the exhaust pulses are when
compared between both turbine scroll sides.
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Table 1.2 (continued)
[Copeland et al.]
2011

E

[Weber et al.]
2000

S, E

[Rajoo et al.]
2012

A

A wide range of
Increasing pulse frequency
steady and unsteady decreased double-entry turbo
admission flow
pressure and velocity ratios
conditions to a
while the unsteady orbit size
circumferentially
was reduced. The increase in
divided dual-entry
frequency also increased the
turbocharger were
operating trace difference
experimentally tested. between each individual
The experimental data passage. The quasi-steady
were used in
assumption underestimated the
comparison with
mass flow although the
quasi-steady
deviation decreased with
predictions.
increasing frequency.
Engine parameters are The model was shown to
predicted through
generally provide accurate static
control-oriented
and dynamic simulations.
mean-value model of Calculated parameters such as
a pressure wave
mass flow rate and temperature
supercharger (PWS) were shown to have relative
coupled to a 360 cc SI errors only in the order of 5%.
engine experimentally
tested on an engine
dynamometer.
Operating data from a Optimal VGT vane position for
highly precise twin high efficiency varies greatly
entry turbocharger
between in-phase and out-ofexperimental setup phase flow.
with pulsating flow
were analyzed for
performance.
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Table 1.2 (continued)
[Romagnoli et al.]
2014

S,E

[Semlitsch et al.]
2014

S

A heavily downsized Supercharger inlet and outlet
gasoline engine (65% pressures were modeled
size reduction) was accurately within 1% and 6%
boosted with an initial respectively. Accuracy of power
low pressure
prediction varied with engine
turbocharger stage in speed. Generally, the
series with a high
predictions were good, but
pressure Eaton
varied more from actual values
supercharger (in
as speed was increased. At 2500
series in the intake
rpm, the power prediction was
stream). A main
about 30% low. Although
objective was to see isentropic efficiency was shown
how well single
to decrease when the
dimension engine
supercharger was operated in
software could predict expansion orientation, power
the performance. The was generated (1 kW) and the
supercharger was also paper ends in conclusion that
examined while
supercharger expansion could
operating in reverse be used as a power generation
(expansion).
system, although increased
supplied boost is needed if it is
used in series with and after the
turbocharger.
The study
Flow pulsations showed to
numerically analyzes increase losses and reduce the
the effect of constant discharge coefficient by about
and pulsating
2%.
boundary conditions
on flow development
and energy loss at the
exhaust port.
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Table 1.2 (continued)
[Niu et al.]
2014

S

A three-dimensional
model for an exhaust
thermoelectric
generator (not to be
confused with turbo
electric generator)
was developed.

[Chiong et al.]
2012

S

Multiple turbine
models were created
to improve
performance
predictions.

[Bellis et al.]
2014

S, E

An experimental
analysis is conducted
on an innovative onedimensional turbo
simulation for both
steady and unsteady
flow.
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Heat transfer and pressure drop
are affected by the piping
configuration pre thermoelectric
generator. The trade-off
between increased undesirable
pressure drop and increased heat
transfer to the thermoelectric
generator as baffler angles
increase must be optimized. It
was determined that in order to
recover energy at all engine
operating conditions, multiple
thermoelectric generators may
be required.
Increasing model complexity
was shown to increase flow rate
fluctuation. The best model
developed was a double-inlet
constant cross section model.
The models were shown to
accurately measure unsteady
turbine performance, but it was
suggested that further
improvements were necessary
along with more experimental
data to support the simulations.
Further work is suggested to
improve turbine efficiency
predictions through the models.
The model based on the turbine
wheel map is more proficient at
predicting downstream phasing
as “a more correct computation
of the mass and energy storage
in the device” was used.

Table 1.2 (continued)
[Chiong et al.]
2014

S,E

[Dijkstra et al.]
2012

E

[Ahmed et al.]
2014

S

[Flardh et al.]
2014

S

A single entry turbine The model was experimentally
is modelled through validated as an improvement
integration of oneover previous one-dimensional
dimensional and zero- simulations as it was shown to
dimensional methods calculate proper instantaneous
to predict
power and instantaneous mass
instantaneous power flow rates.
and mass flow rate.
Experimental analysis Comparing between the use of
was conducted with a the Rankine cycle and a power
naturally aspirated, turbine for WER, the Rankine
spark ignition
cycle has greater potential for
(NA,SI) engine to
higher heat utilization. The
determine the
power turbine has the benefit of
potential allowable requiring a less complex system.
WER. Different
turbine geometries
were simulated
through backpressure
variations.
To understand the
The developed simulation
forces on VGT entry showed good accuracy through
vanes and improve experimental validation
vane control, a
aerodynamic force. Improved
simulation was
understanding of these forces
conducted displaying will aid production of improved
the effects of flow
VGT controllers.
through the VGT
section.
Two dynamic models Experimental data validated the
for the exhaust
models with good success. A
pressure of an SI
feedback linearization controller
engine were created was shown to have slight
to show the effects of performance benefit compared
VGT over a broad
to an IOMI controller although
range.
it is suggested that the IOMI
controller’s inherently simple
tuning procedure gives
dominance.
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Table 1.2 (continued)
[Pesiridis et al.]
2013

S

[Schmidt et al.]
2013

S, E

[Muller et al.]
2008

S

A control system was The model was shown to
developed and
improve system response,
modeled for the ACT especially under transient
system where the
conditions. An efficiency
inlet area could be
increase was seen over standard
instantaneously
VGT control systems for engine
changed in order to operating speeds under
match the pulsating 1200rpm.
exhaust flow profile.
A hot gas test stand An increase in EGR range was
was used to take
experimentally shown with the
measurements and
addition of the VAT. The
create performance engine also benefitted from
maps for the variable increased low end torque and
asymmetric
decreased fuel consumption.
turbocharger (VAT).
Star-CMM+ was used
for three-dimensional
CFD flow analysis of
the VAT.
Experimental engine
test stand data were
finally collected for
the system.
Three-dimensional Compared to standard
CFD flow simulations turbocharged setups utilizing
were used to model EGR, similar or even improved
flow through an
EGR rates were achieved while
asymmetric turbine overall backpressures were
with separate small decreased. It was shown that the
and large scrolls.
small scroll turbine wheel was
not optimized for pulse
operation.

18

Table 1.2 (continued)
[Hatamura et al.]
2007

S

[Hountalas et al.]
2007

S

A one-dimensional
simulation is created
to show the results of
blowdown
supercharging on a
four cylinder,
homogeneous charge
compression ignition
HCCI gasoline
engine, both by
accumulation
(BDSCac) and
proposed pressure
wave (BDSCpw)
methods.

With BDSC, exhaust blowdown
pressure is either directly and
immediately (BDSCpw)
reintroduced to a cylinder
during the early stages of the
compression stroke, to
effectively supply both boost
and EGR, or is accumulated
(BDSCac) and later used for the
same purpose. This paper
focuses on the benefits of BDSC
towards HCCI operation (rather
than specifically towards WER)
as the operating area was shown
to be expanded to allow higher
loads with the addition of this
technology for internal
“supercharging without a
supercharger” and increased
internal EGR.
Two recovery
Overall power was shown to
methods were
increase with the addition of the
computationally
power generated through
investigated through turbocompounding (through
simulation, electric both techniques). The
and mechanical
mechanical variation was shown
turbocompounding to provide more recovery than
the electrical variation. The
power increase was beneficial
especially at high engine load
but turbocompounding was not
greatly effective at low load.
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CHAPTER II
EXPERIMENTAL SETUP

2.1

Description of Equipment and Experimental Setup
A four-stroke, compression ignition, single cylinder research engine (SCRE) was

used to conduct the experiments detailed in this study. Refer to Table 2.1 for engine
characteristics. Due to the nature of the experiments, a single cylinder engine was ideal as
the effects of exhaust activity from multiple cylinders is nonexistent. Figure 2.1 is a
schematic of the coupled control and measurement devices of the full experimental setup.
A 250-hp AC regenerative engine dynamometer with a Dyne Systems Inter-Loc V
controller was used to provide engine torque values and control speed. Engine load was
controlled through diesel fueling regulated with a National Instruments Stand Alone
Direct Injector Driver System (SADI). Coupled with CALVIEW software, SADI was
used to control common rail fuel pressure from a Bosch CP3 pump as well as crank
resolved timing/duration of injection and injector pulses. Process water stored in a large,
10,000 gallon external tank was used to regulate oil, fuel, and engine water temperatures.
Fuel temperature was regulated with a water cooled shell and tube heat exchanger
(Standard Xchange model SSCF). Engine oil and water were heated and cooled through
an external system with PID controlled resistive heaters and coolant circuits. Oil pressure
was regulated with a manual control valve. An external air compressor (Atlas Copco
Airpower Model GA75) with inline heatless desiccant air dryer (Atlas Copco Airpower
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Model CD250) was used to simulate intake boost. The intake air was routed through an
intake tank with heating strips used to regulate intake temperature (held at roughly 35
degrees C). Intake pressure was manually adjusted with a valve upstream of a sonic
nozzle converging-diverging flow meter used to calculate intake mass air flow rate
(FlowMaxx Model SN16-SA-235). Exhaust was routed to an exhaust tank. Downstream
of the tank, a manually controlled valve was employed to allow for regulation of exhaust
backpressure.
Two separate data acquisition systems were used in conjunction, the first
measured engine synchronous data (transient data), and the second measured engine
asynchronous data (steady-state data). An incremental shaft encoder (BEI model XH25DSS-3600-ABZC-28V/V-SM18) was used to phase in-cylinder pressure, exhaust pressure,
and injection to physical engine position as well as to perform all transient data
calculations with a 0.1 crank angle degree (CAD) resolution. An AVL Indismart system
collected transient data over 1000 consecutive cycles while a National Instruments DAQ
system recorded steady-state data over 60 seconds through a LabView virtual instrument
created specifically for the Mississippi State University (MSU) SCRE.
Injector needle lift was measured using a Wolff Controls Corporation Hall Effect
sensor instrumented directly inside the diesel injector. Diesel mass flow was measured
using a Micro Motion flowmeter produced by Emerson. This flowmeter measures flow
based on the principle of the Coriolis effect. Crank-resolved exhaust pressure was
measured in two locations using Kistler sensor type 4049A piezoresistive pressure
sensors with integrated inline signal amplifiers (refer to Appendix A for detailed
information). Exhaust pressures are presented in absolute crank angle degrees (CAD),
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with 0 CAD referring to the cycle initiation (intake start) and 720 CAD referring to cycle
completion (exhaust end). Cylinder pressure was instantaneously measured using an incylinder Kistler 6052C piezoelectric pressure transducer and inline Kistler 5010B charge
amplifier. Absolute intake pressure was measured using a Setra model 209 pressure
transducer. In-cylinder pressure profiles were pegged or scaled to the averaged intake
absolute pressure at BDC. Refer to Appendix A for detailed information on the scaling
process used for instantaneous in-cylinder and exhaust pressure data. Omega K-type
thermocouples were used for all temperature measurements.
Although not particularly important for the main scope of this project, emissions
data were recorded throughout the experiments. An Altech Environment S.A. emissions
bench was used to measure HC, NOx, O2, CO, and CO2 emissions and was calibrated
with the respective gasses of known concentrations. Exhaust emissions samples were
routed to the bench through heated lines as to avoid condensation and coagulation of the
sampled particles. A TSI Engine Exhaust Particle Sizer (EEPS) instrument was used to
measure exhaust particulate sizes and quantities. The spectrometer utilized a dilution
factor of 1870:1. The measurement allowed for recording the existence of particles 6
nanometers and greater. An AVL 415S variable sampling smoke meter was used to
measure the filter smoke number (FSN) of soot deposited on internally cycled filter
paper, which along with the sampled exhaust volume, can be used to calculate soot
concentration.
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Figure 2.1

Table 2.1

Schematic of Experimental Setup

Engine Characteristics

Number of Cylinders
Engine Type
Displacement
Compression Ratio
Piston Crown Design
Valve Train
Valve actuation
Bore x Stroke
Connecting Rod
IVO (1mm lift)
IVC (1mm lift)
EVO (1mm lift)
EVC (1mm lift)
Fuel Pump
Injection System
Injector nozzle hole diameter

1
Highly Modified, Based off Doosan DV-11 Platform
1.827 L
15.1:1
Mexican Hat
2 Intake, 2 Exhaust valves
rocker arm, pushrod driven
128 x 142 mm
228 mm
13 CAD
167 CAD
513 CAD
704 CAD
Bosch CP3
Electronically controlled IMV, common-rail
0.197 mm, 8 holes
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Figure 2.2

Photograph of the SCRE exhaust routing and locations of the piezoresistive
exhaust pressure sensors (PEXH1 ~ 42 mm and PEXH2 ~ 154 mm from
exhaust port), the static exhaust pressure sensor, and thermocouple.
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CHAPTER III
TEST MATRIX AND FORMULAS

3.1

Experimental Test Matrix and Predetermined Test Strategy
Two operating speeds were examined, 1200 RPM and 1500 RPM. At each speed,

three engine loads were tested, 2.5-bar BMEP, 5-bar BMEP, and 7.5-bar BMEP. The
effects of a boost sweep were investigated by testing for all loads and both speeds at four
intake pressures, 1.2 bar, 1.5 bar, 2 bar, and 2.4 bar. Intake pressure was varied as boost
was swept at each load, speed, and exhaust backpressure combination. Exhaust pressure
profiles were recorded while exhaust backpressure was minimized (usually around 1 psi)
for the medium (5-bar BMEP) and high (7.5-bar BMEP) load conditions. Note that
minimum exhaust backpressures will be denoted as 0 psi throughout this study although
the values were closer to 1 psi. The desired value was 0 psi (~1 bar-a) as this was the
targeted value with minimum resistance to the exhaust flow (valve fully open). For the
low load condition (2.5-bar BMEP), the effects of increasing exhaust backpressure were
investigated as backpressure was varied between the minimum value, 6 psig (~1.4 bar-a),
and 12 psig (~1.8 bar-a). Refer to Table 3.1 for a representation of the full test matrix.
All tests were conducted during steady-state conditions. Controllable variables
were kept constant while recording data. Engine speed was held constant through the
Inter-Loc V controller. Engine load variation was minimized as near constant BMEP was
ensured for at least 30 seconds before data were recorded. The COV of IMEP was kept as
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low as possible as high cycle to cycle variance would have a negative effect on the result
validity. Two injections were administered. The first was held constant through all
operating points, while the second was varied in terms of timing and duration in order to
reach the desired load and to hold the CA50 constant at 370 CAD.
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Table 3.1

Experimental Test Matrix

Operating Point
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

BMEP
(bar)
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
5
5
5
5
5
5
5
5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5

Speed
(rpm)
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1200
1200
1200
1200
1500
1500
1500
1500
1200
1200
1200
1200
1500
1500
1500
1500

Exhaust Backpressure
(psig/bar-abs)
0/1
0/1
0/1
0/1
6/1.4
6/1.4
6/1.4
6/1.4
12/1.8
12/1.8
12/1.8
12/1.8
0/1
0/1
0/1
0/1
6/1.4
6/1.4
6/1.4
6/1.4
12/1.8
12/1.8
12/1.8
12/1.8
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1

27

Intake Pressure
(bar, abs)
1.2
1.5
2
2.4
1.2
1.5
2
2.4
1.2
1.5
2
2.4
1.2
1.5
2
2.4
1.2
1.5
2
2.4
1.2
1.5
2
2.4
1.2
1.5
2
2.4
1.2
1.5
2
2.4
1.2
1.5
2
2.4
1.2
1.5
2
2.4

3.2

Equations
The following equation can be referred to as these terms and calculations are

mentioned throughout the document and understanding them is critical to the study.
Pb nR
N *Vd

(3.1)

𝑃𝑖 = 𝑃𝑏 + 𝑃𝑓

(3.2)

BMEP 

IFCE (%) 

IMPE *Vd
m fc

ISFC 

mdotf
Pi

Where,
Pb – brake power
Pf – frictional power
Pi – indicated power
NR– number of revolutions per full cycle
mf c– fuel mass per cycle
mdotf– fuel mass flow rate
N – engine speed
Vd – displacement volume
[21]

28

(3.3)

(3.4)

2.5-BAR BMEP EXPERIMENTS

4.1

Description of Exhaust Pulse Activity
Before discussing the experimental results, an explanation of exhaust pulse

activity is necessary. The exhaust process of all four-stroke piston-type ICEs is usually
divided into two phases: an exhaust gas blowdown period (blowdown pulse) and an
exhaust gas displacement period (displacement pulse) [21]. In the present work, the
following working definitions will be adopted for the blowdown pulse and displacement
pulse in the exhaust process [42].
Blowdown pulse: The period, in crank angle degrees CAD, between the opening
of the exhaust valve (just before expansion bottom dead center [BDC]) and slightly after
BDC when the pressure difference between the in-cylinder gases and the exhaust
manifold causes natural expulsion of exhaust gases out of the engine cylinder. The
blowdown pulse is usually characterized by high instantaneous exhaust manifold
pressures and is much shorter in duration compared to the displacement pulse.
Note that Möller et al. states that, “Over 60% of the mass flow and the highest
enthalpy levels are found in the blow-down pulse at 5500 rpm in the standard
turbocharged engine” [30]
Displacement pulse: The period, in CAD, when the upward displacement of the
piston facilitates scavenging of the remaining exhaust gases in the cylinder. The
displacement pulse begins after BDC and lasts through the exhaust process. The
displacement pulse is longer in duration than the blowdown pulse and is characterized by
substantially lower instantaneous exhaust manifold pressures.
29

Figures 4.1 and 4.2 detail the exhaust pulse activity for operating point 32.
Exhaust valve lift, cylinder volume, cylinder pressure, and piston speed are presented for
added clarity to the pulse characteristics and contributing factors. Note that valve opening
and closing timings are defined as the timing (in absolute CAD) when 1 mm valve lift has
occurred as only slight gas leakage may be experienced when the valves are nearly
closed. Each CAD is equal to about 0.11 milliseconds (for 1500 rpm engine operation).
Refer to Figure 4.2 for proposed distinction between blowdown and displacement pulses.
The separation of these pulses along with a more detailed discussion is presented in
Chapter V, Section 5.1.3.

Figure 4.1

Exhaust pressure pulse with overlaid valve lift, cylinder volume, and
cylinder pressure – PEXH1 – operating point 32
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Note that the highlighted blowdown and displacement regions in Figure 4.2 are
for general reference only and cannot be taken as exact CAD definition of the initiation
and conclusion of these pulse events.

Figure 4.2

4.2

Exhaust pressure pulse with overlaid piston velocity and highlighted
blowdown and displacement pulse activity – PEXH1 – operating point 32

2.5-Bar BMEP
The following presents the results of varying boost and exhaust backpressure

while operating at 2.5-bar BMEP load at both 1200 rpm and 1500 rpm.
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4.2.1

Investigation of Crank Position Resolved Exhaust Pressure
Figures 4.3 And 4.4 display the crank resolved exhaust pressure profiles of

Sensors PEXH1 and PEXH2 respectively for the 2.5-bar BMEP experiments at 1200
rpm.
The magnitudes recorded by PEXH1 are slightly greater than those for PEXH2.
The profiles of PEXH2 are also smoother than those for PEXH1. These differences can
be seen for all data throughout the study and may be a result of the exhaust pressure
sensor physical locations in the exhaust pipe. Refer to Appendix B for discussion
regarding this consistent variation between sensors.
The inclusion of a large number of data points in the above two figures is mainly
to show the effect of varying exhaust backpressure. Varying exhaust backpressure is
labor intensive and very time consuming due to the manually controlled exhaust
restriction valve that was used. Exhaust backpressure was varied and controlled only for
the 2.5-bar BMEP experiments.
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Figure 4.3

Crank position resolved exhaust pressure profiles_2.5-bar BMEP_1200
rpm_PEXH1
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Figure 4.4

Crank position resolved exhaust pressure profiles_2.5-bar BMEP_1200
rpm_PEXH2

Increasing exhaust backpressure increases the overall magnitudes of the exhaust
pressure profiles. Examining Figures 4.3 and 4.4, distinct separation can be seen between
groups of 0, 6, and 12 psig (1, 1.4, and 1.8 bar-a) backpressure. Intuitively, this trend is
simple to understand. Interestingly, the pressure change of each of the peak magnitudes
of each main exhaust pulse decreases with increased overall backpressure (lower
backpressure results in a flatter peak). This can be seen in the above figures, but for
visual simplicity the high boost runs are isolated in Figure 4.5 and used to exemplify this
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trend. For comparison, the change in peak pulse magnitudes are displayed side by side in
a column chart in Figure 4.6.

Figure 4.5

Comparison of varying exhaust backpressure_2.5-bar BMEP_1200
rpm_PEXH1_2.4 bar Pin

In Figure 4.6 it is easy to see that the peak pressure wave itself decreases in
magnitude (pulse magnitude decreases, not pulse pressure value) as backpressure
increases. As overall static exhaust pressure is increased, the difference between incylinder pressure and initial exhaust backpressure (pre blowdown) is decreased, flow
resistance is also increased as the cross sectional exit area is smaller. This results in what,
when plotted, appears to be damping of the exhaust pulses. With added flow resistance,
35

peak pressure values are increased, but the change in pressure (pressure value increase
from EVO to peak pressure) is decreased. This can be viewed as a result of compression
damping forces impeding on the exhaust pulses. The characteristics of the pressure peaks
should also be examined.

Figure 4.6

Peak exhaust pulse magnitude of pressure change comparison_2.5-bar
BMEP_1200 rpm_PEXH1_2.4 bar Pin

As backpressure is increased, the duration of exhaust peak is slightly decreased.
Comparing the 12 psi exhaust pressure run to the 0 psi exhaust pressure run, it is easy to
see that the peak is much sharper with 12 psi backpressure, indicating that this peak
pressure was only held for a short CAD duration. With decreased exhaust exit area
(closing the exhaust pressure control valve), damping is increased. The addition of direct
waste energy recovery devices to the exhaust stream will generally increase exhaust flow
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restriction. Therefore, understanding the effects of varying exhaust backpressure can
prove valuable for optimization of such devices.
Figure 4.7 is a zoomed in version of Figure 4.4 with the addition of polynomial
best fit lines representing constant pressure curves connecting the peak pressure points
across constant intake pressures (red) and across constant backpressures (blue). The trend
of increasing exhaust pulse peak pressures with increased intake pressure is fairly
intuitive and can be explained thermodynamically. This will be discussed in Chapter V.
Here the retarding effect of increased intake pressure and advancing effect of increased
backpressure on peak exhaust pulse pressures will be discussed. With increasing intake
pressure, engine mass air flow rate is effectively increased. The delayed effect on
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Figure 4.7

Comparison on the effects of intake pressure and backpressure on peak
exhaust pressure_2.5-bar BMEP_1200 rpm_PEXH2

Peak exhaust pulse pressure with increasing intake pressure could be attributed to
the idea that the duration required for the pressure pulse to travel to the pressure sensor is
increased as mass transfer is increased (higher boost equates to higher mass per volume).
Simply, as intake pressure is increased, more molecules need to travel through the same
volume. Intuitively, it makes sense that it takes longer to evacuate more mass. To confirm
that this delayed effect is indeed a result of increased intake pressure and not solely a
result of increased in-cylinder pressure, an interload comparison is presented in Chapter
VII. As will be discussed later, between loads, for a given intake pressure, the peak
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pressures align consistently at a specific CAD. With increased backpressure, flow
restriction is increased. Although at first though this may lead to assuming that the pulse
peaks should appear later, the opposite is seen. The reason that exhaust pressure pulse
peaks are experienced earlier in the cycle with higher backpressure is thought to be due to
pressure equilibration. For runs with a higher static backpressure, the high in-cylinder
pressure is initially closer to the static exhaust pressure before EVO, therefore, the
blowdown pressures can come to equilibrium with the exhaust pressures faster and an
advancing effect on peak pressure is noticed.

Figure 4.8

Crank position resolved exhaust pressure profiles_2.5-bar BMEP_1500
rpm_PEXH1
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Figure 4.9

Crank position resolved exhaust pressure profiles_2.5-bar BMEP_1500
rpm_PEXH2

Speed effects can be examined by comparing 1500 rpm pressure data (Figures 4.8
and 4.9) with 1200 rpm data (Figures 4.3 and 4.4). With a higher engine operating speed,
the blowdown and displacement pulses occur closer together. This appears to cause the
overall main exhaust pulse magnitude to increase for the recorded PEXH1 values.
Interestingly, this trend was not noticed for PEXH2 data. It is assumed that significant
dissipation had occurred by the time that the pulses reached PEXH2, and therefore, these
effects are negligible. As engine speed increases, a delay in the pulse appearance is
noticed, relative to engine position. To summarize this finding, it can be stated that the
40

increase in engine speed is greater than the increase in speed which the pressure pulse
travels down the exhaust path. Although the pulses are noticed at a later CAD for the
higher engine speed case, this is not a delaying effect, but instead is due to the fact that
the engine has rotated more over the amount of time (higher rpm) that has elapsed before
the pressure pulses are recorded. It is also true that as engine speed increases, cycle
duration decreases; therefore, a decrease in time available for exhaust evacuation before
the following exhaust activity of the next cycle occurs is experienced. In general, for
systems with fixed exhaust geometry, this would cause increased overall exhaust
pressures. In the case of these experiments, variability of exhaust backpressure allowed
for alleviation of this effect on the overall average static exhaust pressures; but
interestingly, the pressure pulses themselves are still shown to be stronger for the 1500
rpm condition than the 1200 rpm condition through PEXH1 measurements. As stated
previously, this may be partially due to the fact that the blowdown and displacement
pulses occur closer together. For side-by-side speed effect comparison on a single plot,
Figure 4.10 can be examined. Various intake pressures and backpressures (1.2 bar/0 psi,
2 bar/6 psi, and 2.4 bar/12 psi) were selected to show that the discussed effects are
evident across all data.
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Figure 4.10

Crank position resolved exhaust pressure profiles for comparison between
1200 rpm and 1500 rpm_2.5-bar BMEP_PEXH1

Strangely, as discussed above, the same differences in pulse magnitudes are not
noticed with data recorded through PEXH2. This is possibly due to pulse damping over
the distance between PEXH1 and PEXH2.
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Figure 4.11

Crank position resolved exhaust pressure profiles for comparison between
1200 rpm and 1500 rpm_2.5-bar BMEP_PEXH2

For reference and clarity to the discussed time effects and trends, Figure 4.12 is
included to display the same 1200 and 1500 rpm PEXH1 exhaust pulse data plotted
relative to time elapsed since cycle initiation instead of CAD.
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Figure 4.12

Time resolved exhaust pressure profiles for comparison between 1200 rpm
and 1500 rpm_2.5-bar BMEP_PEXH1
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CHAPTER V
5-BAR BMEP EXPERIMENTS

5.1

5-bar BMEP
The following presents the results of varying boost pressure while operating at 5-

bar BMEP load at both 1200 rpm and 1500 rpm.
5.1.1

Investigation of Crank Position Resolved Exhaust Pressure
Figure 5.1 and 5.2 represent the effects of varying intake pressure for the 5-bar

BMEP load, 1200 rpm condition for PEXH1 and PEXH2, respectively as do Figures 5.3
and 5.4 for the 1500 rpm condition. It is important to note that the original data set
recorded for the 1.2 bar intake pressure condition at 1200 rpm was compromised as for
unknown reasons, the file was corrupted. The experiment was re-run for this condition
and the data was paired with the remaining three intake pressure conditions to complete
the data set. Trend variations between the 1.2 bar intake pressure data and the other three
points are suspected to be due to variations in experimental conditions between test days.
Generally, similar trends involving the effects of intake pressure and engine speed that
were observed for 2.5-bar BMEP load data are seen with the 5-bar BMEP data.
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Figure 5.1

Crank position resolved exhaust pressure profiles_5-bar BMEP_1200
rpm_PEXH1

Figure 5.2

Crank position resolved exhaust pressure profiles_5-bar BMEP_1200
rpm_PEXH2
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Figure 5.3

Crank position resolved exhaust pressure profiles_5-bar BMEP_1500
rpm_PEXH1

Figure 5.4

Crank position resolved exhaust pressure profiles_5-bar BMEP_1500
rpm_PEXH2
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5.1.2

Validation and Theory Behind Intake Pressure Effects on Increasing
Exhaust Pulse Pressure
To give reason supporting the trend of increasing exhaust pulse pressure

magnitudes seen throughout the boost sweeps, the idealized thermodynamic process
throughout an engine cycle can be followed from intake through expansion. The actual
operating process of the MSU SCRE varies from this model, but the trends are consistent
enough to explain the phenomena found in this study. The compression process of an ICE
can be modeled as being isentropic, that is, ideally the process is adiabatic and reversible.
Thermodynamic relations state that pressure and volume have a defined correlation under
these conditions [21].
γ

V
𝑃1/𝑃2 = ( 1 ) = 𝑟c γ
V2

(5.1)

Equation 5.1 can be used to represent characteristics before and after
compression, where subscripts 1 and 2, respectively, are used to represent pre and post
compression pressure and volume for a closed system. Gamma (γ) is the ratio of specific
heats, and rc is the static compression ratio (Vclearance +Vdisplacement/Vclearance), a geometric
engine characteristic. With this equation, it is clear that increasing P1, or intake pressure,
in turn causes an increase in P2.
Following compression, the combustion in a compression ignition engine
primarily occurs at constant pressure. With constant pressure combustion, the increase in
intake pressure resulting in an increase in P2, will ultimately be translated to result in a
higher P3, or combustion pressure.
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𝑃2 = 𝑃3

(5.2)

Like compression, the expansion process (denoted with subscript value 4) is
modeled as being isentropic. Therefore, it can be described through Equation 5.3.
γ

P4
V
= ( 3 ) = 𝑟c γ
P3
V4

(5.3)

With this relationship, it is clear that increasing combustion pressure will result in
increased post expansion pressure. Understanding this basic model, allows for an
intuitive understanding of how increasing boost pressure ultimately has an effect on
overall post expansion in-cylinder pressure.
The increased magnitudes of the main exhaust pulse are a result of increased incylinder pressure at the time when the exhaust valve is opened. Clearly, as confirmed
above and experimentally, increasing intake pressure increases the magnitude of the
exhaust blowdown pulse. Refer to Figure 5.5 for a zoomed representation of this trend
along with plotted cylinder pressures. The effect of increased cylinder pressures for
increased intake pressure conditions can clearly be seen at EVO (513 CAD) and all the
way through the exhaust period. Figure 5.5 displays the exhaust pressure and cylinder
pressure referenced on separate axes in order to provide clear distinction between the two
parameters. Figure 5.6 is included to display the pressures united on the same vertical
axix for value comparison. Interestingly, the exhaust and in-cylinder pressures nearly
equalize during and near the end of the displacement pulse. Following this activity, the
two pressure parameters separate again slightly before 700 CAD.
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Figure 5.5

Crank position resolved exhaust pressure profiles with overlaid in-cylinder
pressures_5-bar BMEP_1500 rpm_PEXH1

Figure 5.6

Crank position resolved exhaust pressure profiles with overlaid in-cylinder
pressures_5-bar BMEP_1500 rpm_PEXH1
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5.1.3

Valve Activity, Cylinder Volume, Motoring Data, and the Second Peak on
the Main Exhaust Pulse
Figures 5.7 and 5.8 provide data for the 2.4 bar intake pressure, 1500 rpm

condition, for both 5-bar BMEP load and motoring runs. An interesting characteristic that
has been seen throughout the exhaust pressure data, but has not been explained is the
second, small pressure peak that accompanies the main exhaust pressure pulse. For the
2.4 bar intake pressure cases discussed here, this event takes place near 615 CAD for the
5-bar BMEP condition and near 635 CAD for the motoring condition. This pressure
activity can be described as a slight re-pressurization during the general depressurization
trend that concludes the blowdown pulse. This increase in pressure is small, having a
magnitude not much greater than 0.1 bar. This characteristic cannot, without question, be
explained, but it is suspected that it may be a result of the crossover of both the
blowdown and displacement pulses.
Interestingly, this second peak on the main exhaust pulse does not only occur after
combustion expansion, but it occurs after motoring expansion as well. In fact, it even
appears to be slightly more pronounced in the motoring data. Possibly because the
motoring blowdown pulse has less of an effect on the overall pulse in relation to the
strong effect that the firing blowdown pulse has on the overall pressure pulse. The plotted
in-cylinder pressure is presented in Figures 5.7 and 5.8 in order to understand what
causes the characteristics of the pulse. Cylinder pressure change is extremely non-linear
during the exhaust duration. In-cylinder pressure change decreases and nearly becomes
stagnant (a slight pressure rise is even observed for the motoring case) near 630 CAD.
This is due to in cylinder pressure rise due to decreasing volume during the exhaust
stroke. The second small peak that happens during the main exhaust pulse appears later in
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time for the motoring case in comparison to the firing case. This is due to decreased
overall in-cylinder pressure for the motoring case compared to the firing case; therefore,
the displacement pulse has a greater effect on the overall pressure than does pre-exhaust
compression/expansion pressure.
The overlay of exhaust valve lift is also valuable for distinguishing between
blowdown and displacement effects. For this condition, although the exhaust valve
begins to open slightly after 500 CAD (1mm lift at 513 CAD), the blowdown pressure
pulse only begins to propagate at the PEXH1 location just slightly after 530 CAD. This
delay is partially attributed to a spatial delay in pressure wave travel, but also because
early valve movement is insignificant as the cross-sectional area for exhaust gasses to
pass through is initially small and insignificant. Cylinder volume change is also initially
insignificant. At BDC, the piston rod and crankshaft rod journal are physically in line. At
this time, piston speed is at a minimum. Piston speed is at its maximum when crankshaft
rotational movement results in the greatest linear piston displacement. This occurs near
the time when the rod journal arm (crankshaft) and piston rod have a perpendicular
relationship. Using an understanding of piston movement, the definition of the
displacement pulse, and remembering the spatial delay effect on the pressure pulse, it is
safe to say that the displacement pulse does not begin to have an effect until cylinder
volume has decreased significantly. For this specific data, the blowdown pulse appears to
occur roughly between 530 CAD and 600 CAD and the displacement pulse may occur
roughly between 580 CAD and end after 700 CAD. These durations are from visual
inspection. They are only inferred and should only be taken as such.
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Figure 5.7

Crank position resolved exhaust pressure profiles with in-cylinder
pressures and exhaust valve lift_2.4 bar Pin_1500 rpm_5-bar BMEP &
motoring_PEXH1
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Figure 5.8

Crank position resolved exhaust pressure profiles with in-cylinder
pressures and cylinder volume_2.4 bar Pin_1500 rpm_5-bar BMEP &
motoring_PEXH1

For the purposes of explaining the hypothesis that the small peak described
previously is a result of the crossover between pulses, hypothetical blowdown and
displacement pulses are presented in Figure 5.9. These pressure data are purely invented
and are only used to describe a possible phenomenon. Notice that the resultant pulse, a
summation of the two pulses, gives a pressure curve equal to the experimentally
measured pressure profile curve. Again, this idea cannot be confirmed or validated at this
time, but it explains the observed effect. Separate measurement of the blowdown and
displacement pulses is required to fully understand what is occurring within this area of
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the exhaust pressure pulse. Refer to Chapter X to future experimental suggestions for
ideas of how this could be accomplished.

Figure 5.9

Crank position resolved exhaust pressure profiles of hypothetical
representation of possible separated blowdown and displacement pulses
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CHAPTER VI
7.5-BAR BMEP EXPERIMENTS

6.1

7.5-Bar BMEP
The following presents the results of varying boost pressure while operating at

7.5-bar BMEP load for both 1200 rpm and 1500 rpm.
6.1.1

Investigation of Crank Position Resolved Exhaust Pressure
Figures 6.1 and 6.2 present exhaust pressure data from 7.5-bar BMEP load runs

for varying absolute boost pressures of 1.2, 1.5, 2, and 2.4 bar at 1200 rpm for sensors
PEXH1 and PEXH2. Figures 6.3 and 6.4 present data for the same conditions at 1500
rpm. The observed trends are generally similar to the 2.5 and 5-bar BMEP data.
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Figure 6.1

Crank position resolved exhaust pressure profiles_7.5-bar BMEP_1200
rpm_PEXH1
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Figure 6.2

Crank position resolved exhaust pressure profiles_7.5-bar BMEP_1200
rpm_PEXH2
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Figure 6.3

Crank position resolved exhaust pressure profiles_7.5-bar BMEP_1500
rpm_PEXH1
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Figure 6.4

6.1.2

Crank position resolved exhaust pressure profiles_7.5-bar BMEP_1500
rpm_PEXH2

Secondary Pressure Pulsations
This study has so far only concentrated on describing the characteristics of the

main exhaust pulse that occurs during the exhaust stroke. No attention has been paid to
the secondary pulses that happen after the exhaust valve is closed. Refer to Figure 6.5 for
overlaid intake and exhaust valve lift profiles. This SCRE has negative valve overlap
meaning that there is a period in which the cylinder is completely sealed after the exhaust
valve closes and before the intake valve opens. After 704 CAD, the exhaust path is
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isolated from the cylinder for over 500 crank angle degrees until the exhaust valve is
opened again at 513 CAD (1mm lift) during the next cycle.
Any pressure fluctuations after the exhaust valve has been fully closed are due to
residual effects. It is suspected that the small, secondary pulses, experienced between
roughly 15 CAD and 515 CAD for the cases presented in Figure 6.5, are due to residual
compression and expansion waves that result from the main exhaust pulse. These
secondary waves decrease in magnitude within a single engine cycle as the cycle
develops. The magnitudes of the secondary waves are dependent of the magnitudes of
each respective main pressure pulse. For example, the zoomed representation in Figure
6.6 shows that the secondary pulses are much less pronounced for the 1.2 bar intake
pressure case (with the smallest main pressure pulse) than the 2.4 bar intake pressure case
(with the largest main pressure pulse). Given these characteristics, these waves appear to
be resultant, residual pressure effects of the first main pressure wave.
Looking at pressure values, it can be seen that the main pressure waves conclude
with a low pressure trough (sometimes in vacuum relative to atmospheric pressure). This
low pressure activity can be described as an expansion wave. Shortly following the
expansion wave is another small secondary high pressure crest (compression wave). A
thesis titled Single Cylinder ICE Exhaust Optimization describes the propagation of
expansion pulses in exhaust systems with the following statement; “At EVO, as burnt
gases exit the cylinder, a compression wave starts to move towards the exhaust open end,
where it will be reflected back as an expansion wave” [18]. With this idea, the energy
contained in all of the secondary pulses ultimately comes from the first main compression
wave. The described characteristics of the secondary pulse data suggest that this pressure
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behavior is real. Although the possibility was considered, it is not expected that the
secondary pulse waves are a result of signal noise as they are very consistent and noise
has been highly decreased through ensemble averaging. On the other hand, the minor
fluctuations within the secondary pulses and unknown pressure characteristics can be due
either to gas dynamic effects or noise. These minor fluctuations within the pulse waves
can be noticed in Figure 6.6 and cause the pulses to appear jagged and fuzzy.

Figure 6.5

Crank position resolved exhaust pressure profiles with overlaid valve
activity_7.5-bar BMEP_1500 rpm_PEXH1
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Figure 6.6

Crank position resolved exhaust pressure profiles of secondary pulses_7.5bar BMEP_1500 rpm_PEXH1

Minor fluctuations and unknown pressure characteristics can be due to pressure
wave and gas flow effects. Single Cylinder ICE Exhaust Optimization presents a list of
general wave behavior. The following list is directly quoted from the literature:


Waves reaching an abrupt enlargement or an open end are reflected
backwards with opposite sign, and forwards with the same sign, and this
means that these waves push gases in the same direction as they are
travelling.



Waves approaching a sudden contraction are reflected backwards and
forwards with the same sign, which means that these waves push gases in
opposite direction to their travelling course.
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Waves approaching a closed end are reflected backwards with the same
sign. This means that these waves push gases in opposite direction

[18].
The basis of exhaust system tuning is to optimize the physical design of the
exhaust system in order control the pulsations. It is common practice with multi cylinder
engines to design the exhaust system so that the expansion waves from certain cylinders
can be timed appropriately and effectively used to pull the gases from other cylinders by
instantaneously reducing backpressure. Theoretically, this can increase exhaust
scavenging and reducing pumping work.
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CHAPTER VII
LOAD COMPARISON

7.1

Exhaust Pressure Differences Between 2.5, 5, and 7.5-bar BMEP Load
The following presents the results of varying load at various set intake pressures.

7.1.1

Exhaust Pressure Comparison Between 2.5, 5, and 7.5-bar BMEP Load
with Attention to Magnitude Differences in Maximum Pressure and Timing
of Maximum Pressure
In this chapter, the effects of varying load between 2.5, 5, and 7.5-bar BMEP are

displayed for PEXH1 at 1200 rpm for all intake pressures, and for possible speed effects,
1500 rpm with 2.4 bar intake pressure. Perhaps the most interesting trend observed
among this data representation is the effect of intake pressure on the variance in the
relationship between exhaust pulses at different loads. This variance can be seen by
observing how the relative pressure difference between pulse peaks (of varying loads)
changes for different intake pressures (Figures 7.7 through 7.10). It is interesting that the
difference in exhaust pressure between the 2.5 bar and 5-bar BMEP cases is greater than
the difference in exhaust pressure between the 5 bar and 7.5-bar BMEP cases for runs
with 1.2 bar intake pressure. As intake pressure increases, the difference in exhaust
pressure between cases of different loads changes until, for the 2.4 bar intake pressure
case, the opposite is observed. That is, the difference in exhaust pressure between the 2.5
bar and 5-bar BMEP cases is less than the difference in exhaust pressure between the 5
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bar and 7.5-bar BMEP cases for runs with 2.4 bar intake pressure. This trend is presented
fully for 1200 rpm data but Figure 7.11 is also included to show that the same trend is
observed for 1500 rpm. This effect may even be stronger with increased speed. The
horizontal reference lines seen in Figure 7.1 and Figure 7.4 show the magnitude of the
peak pressure for each profile and can be used for comparison between cases. Notice how
their difference between maximum pressures changes.
Referring back to Chapter IV, it was shown that increasing intake pressure over a
constant load results in a delay of peak pressure, but studying data from increasing loads
with constant intake pressure shows that peak pressures occur at a constant CAD timing
for a given intake pressure. This gives validity to the idea that increased exhaust gas
density resulting in greater mass transfer through the system is the contributing factor to
the time effects seen with increasing intake pressure.
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Figure 7.1

Crank position resolved exhaust pressure profiles_1.2 bar Pin_1200
rpm_PEXH1
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Figure 7.2

Crank position resolved exhaust pressure profiles_1.5 bar Pin_1200
rpm_PEXH1
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Figure 7.3

Crank position resolved exhaust pressure profiles_2 bar Pin_1200
rpm_PEXH1
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Figure 7.4

Crank position resolved exhaust pressure profiles_2.4 bar Pin_1200
rpm_PEXH1
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Figure 7.5

Crank position resolved exhaust pressure profiles_2.4 bar Pin_1500
rpm_PEXH1

As expected, Figure 7.6 shows that cylinder pressure increases in near perfect
increments in relation to increased load. Cylinder pressure increase is at least partially the
cause of increased exhaust pulse pressure as load increases, although the relative
relationship between cylinder pressure increase and maximum exhaust pulse pressure
increase is not equally proportional (the ratio difference between the change in intake
pressure to the change in exhaust pulse pressure between cases is not consistent). The
causes of this trend are not fully understood.
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Figure 7.6

Crank position resolved exhaust pressure profiles with overlaid cylinder
pressure profiles_2.4 bar Pin_1200 rpm_PEXH1
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CHAPTER VIII
THERMODYNAMIC ANALYSIS FOR POTENTIALLY RECOVERYING EXHAUST
ENERGY

8.1

Energy Recovery Through Hypothetical Expander Device Compounding
This chapter proposes a possible WER system consisting of an exhaust gas

expander mechanically compounded directly to the engine crankshaft. This proposed
system is similar to a mechanical turbocompounding system with the difference being
solely the recovery device. As discussed partially through the literature review, due to the
inherent nature of turbines, they are not an ideal choice for maximizing the recovery of
energy in pressure pulses. In very basic terms, turbines operate through exhaust gas flow.
As a continuation of the literature review section, two basic turbocharging techniques
will be discussed here as they directly pertain to this topic. The first and most common
technique is constant-pressure turbocharging. Through this technique, a turbine is
positioned downstream in the exhaust path after multiple cylinder flows have been
collected and adequate exhaust volume has damped out much of the pressure oscillation.
The second, less common technique, is known as pulse turbocharging where, “Short
small cross-section pipes connect each exhaust port to the turbine so that much of the
kinetic energy associated with the exhaust blowdown can be utilized” [21].
Turbine work is enthalpy based. Therefore, turbine power (Wdot,T) can be
approximated as the difference in enthalpy across the device:
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𝑊dotT = 𝑚dot(ℎ1 − ℎ2)

(8.1)

ℎ = 𝑢 + 𝑝𝑣

(8.2)

Where,
h – specific enthalpy
u – specific internal energy
p – pressure
v – specific volume
mdot – exhaust mass flow rate
Turbine work depends on the enthalpy potential as a whole, where the quantity
depends largely on temperature, and not solely on a pressure difference (although the two
are related). It is proposed that turbines are not the ideal device for recovering the
maximum energy available specifically in the exhaust pulses. As stated in Variable
Asymmetric Turbine for Heavy Duty Truck Engines while referring to Introduction to
Turbomachinery, “The energy provided by flow pulsations is only insufficiently utilized
by single-flow turbines. Furthermore, leakage around pivoting nozzle blades due to
necessary working clearances reduces the performance of conventional variable turbines”
[39][27]. A device better suited for this purpose could possibly be a positive displacement
expander. It is assumed that a positive displacement expander device placed close to the
exhaust port will be more ideal for recovering the maximum quantity of exhaust energy.
8.1.1

Analysis, Assumptions and Equations


The engine exhaust is assumed to be primarily composed of air as the
engine was operated lean. The exhaust mass flow was calculated as the
sum of mass air flow and mass fuel flow.
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Exhaust temperature is assumed to be nearly constant. Therefore,
thermodynamic properties are not based on varying temperature.



Specific heat of the exhaust, cp = 1.004 kJ/(kg*K)



Ratio of specific heats, γ = 1.38



The expander is located at PEXH1



Parasitic losses through the coupling mechanisms between the expander
and crankshaft are negligible.



The expander inlet pressure (P1) is assumed to be the peak exhaust pulse
absolute pressure and the inlet temperature (T1) is the average exhaust
temperature at a location between PEXH1 and PEXH2 (as seen in Figure
7.7).



Expander outlet pressure (P2) is assumed to be equal to the measured
average exhaust pressure (static pressure) for each operating point. 1 bar.



Outlet temperature (T2) is calculated based on an assumed isentropic
efficiency of 65% for the expander.

Equations 8.3 through 8.7 were used to calculate the data presented in Sections 8.1.2 and
8.1.4.

T2 s  P2 
 
T1  P1 

  1 
  



𝜂𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑒𝑑𝑒𝑥𝑝𝑎𝑛𝑑𝑒𝑟 

(8.3)
T2  T1
T2 S  T1

𝑊𝑑𝑜𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑒𝑑𝑒𝑥𝑝𝑎𝑛𝑑𝑒𝑟 = 𝑚dot 𝑐p(T2 − 𝑇1)
η𝑓𝑐 𝑖 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑒𝑑𝑒𝑥𝑝𝑎𝑛𝑑𝑒𝑟 
[31]
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Pdot,i  Wdot,compoundedexp ander
mdotQLHV

(8.4)
(8.5)
(8.6)

η𝑓𝑐 𝑖 

Wcycle
m fuelQLHV

(8.7)

[21]
Where,
Cp – specific heat of exhaust
mfuel – fuel mass per engine cycle
QLHV– Lower Heating Value (light diesel)
For future reference, thermodynamic analysis was conducted for all operating
points. The results are presented for all operating conditions as seen in Figures 8.1
through 8.3.
8.1.2

Estimated Maximum Potential Waste Energy Recovery
The potentials for indicated power increase, fuel conversion efficiency increase,

and fuel consumption decrease were calculated and are presented in the following
figures.
8.1.2.1

Potential Indicated Power Increase
Indicated power was shown to potentially be increased by an average of 14.3%.
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Figure 8.1

Expander compounding indicated power increase (all conditions)
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8.1.2.2

Estimated Maximum Indicated Fuel Conversion Efficiency Benefit
Indicated fuel conversion efficiency was shown to potentially be increased by an

average of 15.6% with the addition of the expander compounding system.
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Figure 8.2

Expander compounding indicated fuel conversion efficiency increase (all
conditions)
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8.1.2.3

Estimated Maximum Decrease in Indicated Specific Fuel Consumption
It is estimated that with the addition of the expander compounding system,

indicated specific fuel consumption can potentially be decreased by up to nearly 20%.

80

Figure 8.3

Expander compounding indicated specific fuel consumption decrease (all
loads)
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CHAPTER IX
SUMMARY AND CONCLUSION

Through an extensive literature review, many exhaust energy recovery
technologies were presented. This research determined that further investigation of
technology related to direct energy recovery, specifically recovery of exhaust pulse
energy is warranted. Through this study, many exhaust pulse pressure trends were either
discovered or confirmed. The effects of intake pressure, engine load, and operating speed
on exhaust pulse pressure at various sensor locations were presented for the MSU SCRE.
This study was successful in providing detailed exhaust pressure information,
trends, and analysis.


The differences between pressure recordings through PEXH1 and PEXH2
suggest that dissipation, pressure losses, and pulse damping are high
through the exhaust system as the slight spatial difference between sensors
seems to have a great effect.



Increasing intake pressure has an increasing effect on exhaust pulse
pressure.



Increasing intake pressures while overall exhaust backpressure is held
constant causes a delayed effect on the pulse peak, while increasing
overall exhaust backpressure for a given intake pressure condition has an
advancing effect on peak pulse pressures.



Increasing engine load has an effect on increasing the exhaust pulse
pressure magnitudes as in-cylinder pressures are increased, but across
varying loads, the exhaust pulse peaks occur at a constant CAD timing for
a given intake pressure.
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The relative relationship between cylinder pressure increase and maximum
exhaust pulse pressure increase is not equally proportional. At this time,
the causes of these trends are not fully understood.



As engine speed is increased, exhaust pulses appear later, relative to
engine position as the increase in engine speed is greater than the increase
in speed which the pressure pulse travels down the exhaust path.



Exhaust pulse magnitudes are increased with increasing engine speed.

Through analysis, the potential of directly recovering exhaust energy through
inline mechanically compounded expander devices was quantified and shown to be
beneficial.


For the investigated conditions, indicated power and indicated fuel
conversion efficiency can be potentially increase by an average of 14.3%
and 15.6%, respectively, through the addition of an expander
compounding direct exhaust energy recovery system.



Indicated fuel consumption decrease of up to nearly 20% was shown to be
possible.

The quantification of possible benefits through this approach show promising
potential and suggest that further investigation is worthwhile. It is suggested that this
technique could be beneficial for ICEs as a sole energy recovery system or in conjunction
with existing technologies for additional benefit.
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CHAPTER X
PROPOSED FUTURE WORK

As the experimental data collected through this study show great potential benefit,
future work is strongly encouraged. This section will give suggestions for how these
experiments might be modified, and also suggestions for work that is proposed as a result
of completing these experiments and analyzing the results.
Because a great difference was seen for pressure profiles between PEXH1 and
PEXH2, it was suggested that the pressure pulses may dissipate very rapidly. Further
investigation of the pressure pulses at various locations (immediately at the exhaust port,
further downstream, around the peripheral of the pipe, etc.) is suggested. The blowdown
pulses measured in these experiments appear to be transonic. It is suspected that the
pulses may be supersonic as they exit the cylinder, but heat exchange and other factors
quickly reduce the pressure magnitudes and velocities. In order to fully understand
pressure profiles, effects, trends, and to more accurately quantify the energy available for
recovery, recording pressures at more locations is necessary.
If this experiment was to be redone, it would be beneficial to confirm the data for
consistency through repetition. As the peizoresistive exhaust pressure sensors are capable
of being pre-scaled to measure correct absolute values, a pre-experiment offsetting would
have ideally been conducted. This is discussed in detail Appendix A. Although the data
presented throughout this study are highly regarded by the experimentalists who
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conducted the tests and analyzed the results, these are two things that, in an ideal
situation, would have been done differently to potentially increase result accuracy and
decrease uncertainty.
It would be very interesting to measure blowdown and displacement pulses
separately. Currently, it is difficult to completely distinguish between the two as they
overlap and have at least slight effects on each other. Although a practical and feasible
technique for measuring one pulse without the other is unknown at this point, the idea is
proposed. It may be possible to simulate similar conditions in a rapid compression
machine or a piston tube. In this case, the piston could be held stationary while the
blowdown pulse was released and measured, then the piston would ideally be controlled
to move at a specified rate and the displacement pulse could be measured. A difficult task
may be instrumenting similar valve path geometry to a real engine for this experimental
setup. Alternatively, a custom engine with exceptionally long piston dwell duration at
BDC may be possible, although maybe impractical.
Although there were great benefits to studying the exhaust pressure pulse profiles
of a single cylinder engine, one being that the effects of other cylinders were nonexistent, it may be beneficial, or at least interesting to measure the exhaust profiles of a
multi cylinder engine. Sensors could be setup both before and after the exhaust manifold
collects the exhaust paths. It may also be beneficial to collect data from various single
cylinder engines as exhaust path geometry, valve profiles, and other physical differences
will certainly have an effect on the data. It would be interesting to quantify these effects.
Some of the data presented throughout this study may be beneficial to improving
existing exhaust pressure models. Simulation of the exhaust profiles of the MSU SCRE
85

would be beneficial for fully understanding the flow and for fully quantifying the
available energy, along with further propositions of various ways to recover it.
Finally, experimental implementation of an expander directly in the exhaust
stream, close to the exhaust port and compounded to the engine crankshaft is suggested in
order to compare the theoretical potential with experimental data. The results of this
study are very interesting and the topic deserves further investigation.

86

REFERENCES
[1]

Ahmed F.S., Laghrouche S., Mehmood A., El Bagdouri M., 2014. “Estimation of
Exhaust Gas Aerodynamic Force on the Variable Geometry Turbocharger
Actuator: 1D Flow Model Approach.” Energy Conversion and Management. pp.
436-448.

[2]

Bellis V.D., Marelli S., Bozza F., Capobianco M. 2014. “1D Simulation and
Experimental Analysis of a Turbocharger Turbine for Automotive Engines under
Steady and Unsteady Flow Conditions.” Energy Procedia pp. 909-919.

[3]

Brands, M., Werner, J., Hoehne, J., and Kramer, S., "Vechicle Testing of
Cummins Turbocompound Diesel Engine," SAE Technical Paper 810073, 1981,
doi:10.4271/810073.

[4]

Brown B.R., “Combustion Data Acquisition and Analysis.” Loughborough
University Department of Aeronautical and Automotive Engineering.
http://catool.org/files/FinalProjectReport.pdf

[5]

Carter S., Ned A., Chivers J., Bemis A., “Selecting Piezoresistive vs. Piezoelectric
Pressure Transducers.” Kulite Semiconductor Products, Inc. Application Note:
AN-102.

[6]

Chiong M.S., Rajoo S., Martinez-Botas R.F., Costall A.W., 2012. “Engine
Turbocharger Performance Prediction: One-Dimensional Modeling of a Twin
Entry Turbine.” Energy Conversion and Management. pp. 68-79.

[7]

Chiong M.S., Rajoo S., Romagnoli A., Costall A.W., Martinez-Botas R.F. 2014.
“Integration of Meanline and One-Dimensional Methods for Prediction of
Pulsating Performance of a Turbocharger Turbine.” Energy Conversion and
Management. pp. 270-282.

[8]

Copeland C.D., Martinez-Botas R., Seiler M., 2011, “Comparison Between
Steady and Unsteady Double-Entry Turbine Performance Using the Quasi-Steady
Assumption.” Journal of Turbomachinery. 133

87

[9]

Costall A.W., McDavid R.M., Martinez-Botas R.F., Baines N.C., 2011, “Pulse
Performance Modeling of a Twin Entry Turbocharger Turbine Under Full and
Unequal Admission.” Journal of Turbomachinery. 133.

[10]

Dijkstra R., Smeulders D., Boot M., Eichhorn R., Serrarens A., Lennblad J., 2012.
“Experimental Analysis of Engine Exhaust Waste Energy Recovery using Power
Turbine Technology for Light Duty Application.” Society of Automotive
Engineers, Inc.

[11]

Flardh O., Martensson J. 2014. “Exhaust Pressure Modeling and Control on an SI
Eingine with VGT.” Control Engineering Practice. pp. 26-36.

[12]

Formula 1. Power Unit and ERS.
https://www.formula1.com/content/fomwebsite/en/ championship/insidef1/understanding-f1-racing/Energy_Recovery_Systems.html

[13]

Fu J., Liu J., Deng B., Feng R., Yang J., Zhou F., Zhao X. 2014. “An Approach
for Exhaust Gas Energy Recovery of Internal Combustion Engine: SteamAssisted Turbocharging.” Energy Conversion and Management. pp. 234-245.

[14]

Fu J., Liu J., Ren C., Wang L., Deng B., Xu. 2012. “An Open Steam Power Cycle
used for IC Engine Exhaust Gas Energy Recovery.” Energy. pp. 544-555.

[15]

Fu J., Liu J., Yang Y., Ren C., Zhu. 2013. “A new Approach for Exhaust Energy
Recovery of Internal Combustion Engine: Steam Turbocharging.” Applied
Thermal Engineering. pp. 150-160.

[16]

Gundmalm, S., Cronhjort A., Angstrom H.E. “Divided Exhaust Period: Effects of
Changing the Relation Between Intake, Blow-Down, and Scavenging Valve
Area”. SAE International. Journal of Engines 2013; SAE paper 2013-01-0578.

[17]

Gundmalm S., Cronhjort A., Angstrom H.E. “Divided Exhaust Period on HeavyDuty Diesel Engines.” THIESEL 2012, Spain, September 11-14, 2012.

[18]

Hahlin M., “Single Cylinder ICE Exhaust Optimization.” Lulea University of
Technology Department of Engineering Sciences and Mathematics. 2013.

[19]

Hatamura, K., "A Study on HCCI (Homogeneous Charge Compression Ignition)
Gasoline Engine Supercharged by Exhaust Blow Down Pressure," SAE Technical
Paper 2007-01-1873, 2007, doi:10.4271/2007-01-1873.

88

[20]

Hountalas, D., Katsanos, C., and Lamaris, V., "Recovering Energy from the
Diesel Engine Exhaust Using Mechanical and Electrical Turbocompounding,"
SAE Technical Paper 2007-01-1563, 2007, doi:10.4271/2007-01-1563.

[21]

Heywood, J.B. 1988. “Internal Combustion Engine Fundamentals.” McGraw-Hill:
New York.

[22]

High-Temperature Pressure Sensor for Engine Measuring Technology. Kistler
Data Sheet. http://www.helmar.com.pl/helmar/plik/6052c_nn3913.pdf

[23]

Hsu S-W., Chiang H-W.D., Yen C-W. 2014. “Experimental Investigation of
Performance of Hermetic Screw Expander Organic Rankine Cycle.” Energies.

[24]

Hung, T.C., Shai, T.Y., & Wang, S.K. 1997. “A review of organic Rankine cycles
(ORCs) for the recovery of low-grade waste heat.” Energy, 22, 661-667.

[25]

Improvements in or Relating to Internal Combustion Engines. Society Rateau.
British patent no. 12,227/22, 1924.

[26]

Romagnoli A, Wan-Salim W., Gurunathan B.A. Martinez-Botas R.F. Turner
J.W.G., Luard N., Jackson R., Matteucci L., Copeland C., Akehurst S., Lewis
A.G.J., Brace C.J. 2014. “Assessment of Supercharging Boosting Component for
Heavily Downsized Gasoline Engines.”

[27]

Japikse D., Baines, N., “Introduction to Turbomachinery.” Concepts ETI. 1997.

[28]

Liu J.P., Fu J.Q., Ren C.Q., Wang L.J. Xu Z.X. Deng B.L., 2013. “Comparison
and Analysis of Engine Exhaust Gas Energy Recovery Potential through Various
Bottom Cycles.” Applied Thermal Energy.

[29]

Mago J.M, Chamra L.M., Srinivasan K., Somayaji C., 2008. “An Examination of
Regenerative Organic Rankine Cycles Using Dry Fluids.” Applied Thermal
Engineering 28. pp. 999-1007

[30]

Möller, C., Johansson, P., Grandin, B., and Lindström, F., "Divided Exhaust
Period - A Gas Exchange System for Turbocharged SI Engines," SAE Technical
Paper 2005-01-1150, 2005, doi:10.4271/2005-01-1150.

[31]

Moran, M.J., Shapiro, H.N., Boettner, D.D., and Bailey, M.B. (2011).
Fundamentals of
Engineering Thermodynamics. 7th Edition, Wiley.
89

[32]

Muller, M., Streule, T., Sumser, S., Hertwech, G., Nolte A., Schmid W., “The
Asymmetric Twin Scroll Turbine for Exhaust Gas Turbochargers.” ASME Turbo
Expo 2008. DOI: 10.1115/GT2008-50614

[33]

Niu Z., Diao H., Yu S., Jiao K., Du Q., Shu G., 2014. “Investigation and Design
Optimization of Exhaust-Based Thermoelectric Generator System for Internal
Combustion Engine.” Energy Conversion and Management.

[34]

Padzillah M.H., Rajoo S., Martinez-Botas R.F., 2014, “Influence of Speed and
Frequency towards the Automotive Turbocharger Turbine Performance under
Pulsating Flow Conditions.” Energy Conversion and Management.

[35]

Pesiridis, A., & Rajoo, S. (2013). “Variable geometry turbocharger active control
strategies for enhanced energy recovery.” SAE paper 2013-01-0120.

[36]

Rajoo S., Romagnoli A., Martinez-Botas R.F., 2012. “Unsteady Performance
Analysis of a Twin-Entry Variable Geometry Turbocharger Turbine.” Energy. pp.
176-189.

[37]

Randolph, A. L., “Methods of Processing Cylinder-Pressure Transducer Signals
to Maximize Data Accuracy,” SAE Paper 900170, 1990.

[38]

Ringler J., Seifert M., Guyotot V., Hubner W. 2014. “Rankine Cycle for Waste
Heat Recovery of IC Engiens.” SAE International.

[39]

Schmidt, Sebastian. 2013. “Variable Asymmetric Turbine for Heavy Duty Truck
Engines.” Pros of ASME Turbo Expo 2013: Turbine Technical Conference and
Exposition. GT2013.

[40]

Semlitsch B., Wang Y., Mihaescu M., 2014. “Flow Effects due to Pulsation in an
Internal Combustion Engine Exhaust Port.” Energy Conversion and Management.
pp. 520-537.

[41]

Sprouse III C., Depcik C., 2013. “Review of Organic Rankine Cycles for Internal
Combustion Engine Exhaust Waste Heat Recover.” Applied Thermal
Engineering. pp. 711-722.

[42]

Srinivasan K.K., Krishnan S. 2014. “Exhaust Pulse Energy Harvesting –
Literature Review and Preliminary Experiments.” Private Communication
through Internal report.

90

[43]

Srinivasan K.K., Mago P.J, Krishnan S.R. 2010. “Analysis of Exhaust Waste Heat
Recovery from a Dual Fuel Low Temperature Combustion Engine Using an
Organic Rankine Cycle”. Energy. 35.

[44]

Wang T., Zhang Y., Peng Z., Shu G. 2011. “A Review of Researches on Thermal
Exhaust Heat Recovery with Rankine Cycle.” Renewable and Sustainable Energy
Reviews. pp. 2862-2871.

[45]

Water Cooled Absolute Pressure Sensor High Temperature Gas Pressure
Measurement. Kistler Data Sheet. https://www.kistler.com/?type=669&fid=869

[46]

Weber F. Guzzella L., “Control Oriented Modeling of a Pressure Wave
Supercharger.” 2000. Society of Automotive Engineers, Inc.

[47]

Williams A.M., Baker A.T., Garner C.P., Vijayakumar R, 2012, "TuroboDischarging Turbocharged Internal Combustion Engines" Journal of Automobile
Engineering. pp. 52-65.

[48]

Williams AM, Baker AT, Garner CP, 2011. “Turbo-Discharging: Predicted
Improvements in Engine Fuel Economy and Performance” SAE International.

91

PIEZOELECTRIC AND PIEZORESISTIVE EFFECTS AND THEIR APPLICATION
TO PRESSURE MEASURMENT
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A.1

Basic Principles Behind the Piezoelectric and Piezoresistive Effects and Their
Application for Pressure Sensing
The atomic structure of a piezoelectric element (e.g. a crystal) changes when a

force is applied to it. This causes an internal polarization that generates an electrical
potential proportional to the stress applied to the sensing element. Because the
piezoelectric element is generating the charge to be measured, piezoelectric transducers
do not require additional excitation.
The electrical resistance of a semiconductor or metal changes when a mechanical
stress is applied. When a stress is applied to silicon, its effective mass is greatly altered at
the atomic level and its ability to transfer electrical energy is greatly altered [5].
A.1.1

Kistler Model 6052C Pressure Sensor and 5010B Charge Amplifier
Kistler 6052C is a highly sensitive transducer that is ideal for measuring in-

cylinder relative pressures of internal combustion engines as it is able to operate at high
temperatures with low sensitivity fluctuation [22]. This sensor is resilient enough to be
used at the knock limit where pressure changes are relatively rapid. Because the charge
produced by piezoelectric crystals results in a fairly low signal, the signal is amplified
through a Kistler 5010B charge amplifier. Because the signal output is subject to high
impedance and high noise pick up, a shielded cable is used to carry the charge.
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Figure A.1

A.1.2

Kistler 5010B Charge Amplifier

Kistler 4049A Piezoresistive Pressure Sensor and Inline Amplifier Type
4622A
The Kistler 4049A sensor is ideal for recording exhaust pressure as it can

withstand temperatures in excess of 1100 degrees C and with internal water cooling is
able to operate continuously at high temperature. The sensor’s piezoresistive sensing
element is silicon with an integrated wheatstone bridge used to measure the resistance
change and generate an electrical signal proportional to the applied stress (pressure) [45].
The effects of water cooling the sensor protect the sensor from heat damage as well as
mitigate the effects of thermal shock by keeping the sensor at a relatively constant
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temperature. “Further performance improvements are made using analog and digital
characterization techniques whereby, the effects of zero and sensitivity changes due to
temperature can be further reduced without sacrificing signal bandwidth” [45].
A.1.2.1

Scaling Pressure Data
The charge created by a piezoelectric element is only a result of the element’s

structural change. Therefore, once the change has occurred, the charge will dissipate
rapidly, even if the element is still under the same stress that caused the structural change.
There is no way to scale the piezoelectric sensor prior to measurement, therefore the
piezoelectric transducer only measures relative pressure data that must be post processed
and scaled or pegged to corresponding absolute pressures. It is common to scale or peg
the in-cylinder pressure profile with a known averaged static intake pressure at intake
bottom dead center (IBDC). This specific point is commonly used as there is essentially
zero piston movement at this time and it can accurately be assumed that the in-cylinder
pressure and intake pressure are equal, although other studies have suggested various
cylinder pressure pegging points as optimizing this parameter greatly depends on specific
intake tuning. For example, Hayes et al. used 140 CAD to peg their data [4]. Piezoelectric
sensors are inherently effected by thermal shock which causes signal drift. Intercycle
long term drift can be eliminated by pegging the data separately for every cycle, but this
requires the use of a manifold absolute pressure (MAP) sensor capable of extremely fast
measurement that can show accurate variation between crank angles. The in-cyclinder
pressure data recorded for this study was not greatly affected by intercycle drift and
therefore, it was adequate to peg the data to intake bottom dead center (IBDC) after it had
been averaged. It is common to use a running average of the data for a varied number of
95

crank angle degrees around IBDC (e.g. 179 CAD, 180 CAD, & 181 CAD) to reduce the
effects of signal noise [37].
In addition to intercycle drift, intracycle drift can cause data misinterpretation.
Like intercycle drift, this phenomena can be caused by thermal effects on the sensor’s
output. The Kistler model 4049A sensor has built in temperature compensation along
with water cooling to reduce the amount of artificial pressure data that it outputs due to
the effect of sensor temperature. Although this piezoresistive sensor measures absolute
pressures, and can be scaled prior to testing, while preparing for and designing the
experiment, PEXH1 and PEXH2 outputs were not scaled. Two options were investigated
to convert the recorded relative pressure data profiles to their respective correctly scaled
absolute values.
The first option was to record the voltage output from the sensors when they were
reading steady barometric pressure (test cell atmospheric pressure) and then to
compensate the recorded test data for the necessary offset required to bring the measured
barometric pressure to match a known true absolute barometric value. To do this, output
pressure signal voltage was measured using an oscilloscope. It was determined that the
level of measured signal noise would render this technique unreliable as the mean voltage
varied greatly between measurements due to a short sample time. Of ten oscilloscope
snapshots recorded for PEXH2, the mean voltage recorded varied by nearly 100 mV.
This would result in about 0.1 bar pressure variance. In order to use this technique to
scale the data, it would be necessary to average the recorded voltage over a longer period
of time to get the true mean output voltage. Sensor temperature was also recorded during
this test and its effect on pressure output was investigated. To do this, the change in
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temperature voltage output was measured while heating the exhaust pipe near the sensors
with a torch. The mean temperature output voltage changed (as expected), but the mean
pressure output stayed in the same range. From this, it can be confirmed that the sensors
are not substantially affected by thermal shock under these tested conditions.
As stated previously, through recording the piezoresistive sensor’s output pressure
voltages at constant atmospheric pressure, a high level of signal noise was discovered. In
an effort to reduce the effects of this noise on the overall absolute pressure magnitudes, a
running average of crank-resolved pressures for 30 CAD (474 CAD to 504 CAD) was
calculated and used as the pegging value equal to the average static absolute exhaust
pressure (i.e. option two). Because MSU’s SCRE has negative intake/exhaust valve
overlap (refer to Figure 6.5), it is accurate to assume that there is no intake induced
pressure fluctuation between the selected 30 CAD window and that all recorded pressure
variation between this time is either residual exhaust expansion and compression or a
result of voltage oscillation do to signal noise, although ensemble averaging data over
1000 cycles is in effort to eliminate any noise. Although the raw exhaust pressure data is
initially averaged over 1000 cycles at each CAD, taking a running mean (over a range of
crank angles) of the already averaged data only provides a better representation of the
actual pressure value at this position than picking one point at a specific CAD. Because
the true exhaust pressure is known to be essentially equal to the static absolute average
pressure for a relatively long period of time when neither combustion, piston movement,
or intake flow have any effect (negative valve overlap ensures that the exhaust pipe is
isolated from the engine system) on the exhaust pressure, a longer running average can be
used for pegging the crank resolved exhaust pressures than can be used for pegging the
97

crank resolved cylinder pressure (without knowledge of how the intake is tuned, a small
window around IBDC must be used as piston movement will not have an effect on the
cylinder pressure at this point).

Figure A.2

Example of oscilloscope recorded output voltage _ PEXH2 at room
temperature

Figure A.3

Example of oscilloscope recorded data _ PEXH2 at room temperature
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PEXH1 VS PEXH2 COMPARISON
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B.1

Sensor placement and protrusion
The location difference and possibly the thermocouple protrusion are the

proposed contributions to the differences seen between PEXH1 and PEXH2 as seen
throughout and specifically presented in Figure B.2.
A very minor delay in the recording of the blowdown pulse initiation can be seen
in Figure 8.4 for sensor PEXH2 relative to PEXH1. A larger, more definite delay can be
seen for the timing of the peak pressure between the sensors. Peak pressure at PEXH1
occurs around 560 CAD, while it occurs later, around 590 CAD at PEXH2. Possibly
more important than the delay is the damping that is seen between the two sensors. Pulse
pressures recorded through PEXH2 are lower in magnitude and have a smoothed profile
in comparison to pressures recorded through PEXH1. Some pulse damping can be
expected as the exhaust pulse propagates through the tube. The idea that the protruding
thermocouple between the two piezoresistive pressure sensors may have some effect on
the difference between PEXH2 and PEXH1 is proposed here but not discussed in detail
as the effects are unknown. Figure B.1 is included to aid future investigation of this
proposed possibly gas dynamic effect.
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Figure B.1

B.2

Illustration of sensor and thermocouple locations and dimensions

Difference between sensor readings

Figure B.2

PEXH1 vs PEXH2 comparison_5-bar BMEP_1500 rpm_1.5 bar Pin
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CYCLE TO CYCLE VARIATIONS IN PEXH1 FOR ONE SELECTED OPERATING
CONDITION
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C.1

Error Representation and Standard Deviation for Pressures Measured
Through PEXH1 for Operating Point #16, 2.5-bar BMEP_2.4 bar Pin_1500
rpm
Standard deviation was calculated for the sample of 1000 consecutive cycles at

each 0.1 CAD. Error bars equal to plus and minus one σ (standard deviation) are plotted
on the averaged pressure trace at each 0.1 CAD interval. This error bar representation
gives insight into how much variation is within the raw exhaust pressure data collected
throughout this study and provides insight into the uncertainty associated with the
measured exhaust pressure pulse curves. Refer to Figures C.1 for the entire averaged
pressure profile overlaid with error bars and Figure C.2 for a zoomed window of the main
pulse peak. Note that σ is calculated independently for each error bar. In general, the
deviation is similar between points but varies slightly.
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Figure C.1

Averaged exhaust pressure profile with plus and minus one σ error
bars_PEXH1_operating point #16
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Figure C.2

Averaged exhaust pressure pulse peak with plus and minus one σ error
bars_PEXH1_operating point #16
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PRESENTATION OF OTHER DATA FOR ONE SELECTED OPERATING
CONDITION
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The following figures display various measurements and calculations not
specifically pertaining to this study but that may be useful to the reader’s insight of the
experiments.

Figure D.1

In-cylinder pressure measurement _ operating Point #16
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Figure D.2

Injector signal current _ operating Point #16

Figure D.3

Injector needle lift _ operating Point #16
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Figure D.4

Apparent heat release rate _ operating Point #16

Figure D.5

Global temperature _ operating Point #16
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